This investigation was undertaken to determine prolonged adverse effects of benzalkonium chloride (BzCl), a cationic surfactant, and sodium dodecyl sulfate (SDS), an anionic surfactant, after an initial treatment of and subsequent removal from a primary culture system of rabbit corneal epithelial cells. Metabolic integrity and cell growth were evaluated at specified periods after a 1-hr treatment with the surfactants because of their importance in tissue repair. Intracellular calcium ([Ca 2+ ]i) and intracellular pH (pH|) were also measured because of their importance in cellular homeostasis. ATP/ADP ratios were used to assess metabolic integrity, and propidium iodide staining of cells was used to measure relative cell number and cell growth. Digitized fluorescence imaging was used to measure [Ca 2+ ]i with fura-PE3 and pH| with 2', 7'-bis(2-carboxyethyl>5(6)-carboxyfluorescein (BCECF). BzCl induced a concentration-dependent decrease in ATP/ADP ratios 24 hr after its removal from the cultures, whereas SDS had minimal effects on metabolic integrity throughout the 48-hr postexposure measurement period. The proliferative response of cultures treated with SDS, however, was decreased when compared with BzCl-treated cells. BzCl induced an increase in [Ca 2+ ],, whereas SDS decreased [Ca 2+ ], 1-3 hr after removal of surfactants. BzCl produced a sustained decrease in pH| in surviving cells 1-4 hr after its removal, with a return to control values at 24-48 hr. SDS transiently increased pH 1 hr after its removal and decreased pH| at the 48-hr post-treatment period. In conclusion, the two surfactants in vitro had distinctly different prolonged effects on corneal epithelial cells, which may suggest that BzCl and SDS differentially affect cellular recovery in vivo, v i996Sodnyof Toxicology
The in vivo test for ocular irritancy, the Draize rabbit eye test (Draize et al., 1944) , is based mainly on observations of irritation and injury to the cornea, conjunctiva, and iris after exposure to test compounds, but evaluation of reversibility of injury is also an important component of this test. Because of societal and scientific criticism of the Draize eye test, researchers have attempted to develop in vitro alternatives that provide a quantitative and mechanistic evaluation of cellular damage. Evaluation of ocular injury with in vitro model systems has focused on the initial toxicity of the chemicals, and little attention has been devoted to assessing the mechanisms of prolonged effects after removal of the compounds. This investigation was undertaken to examine mechanisms of prolonged oculotoxicity of model compounds with primary cultures of rabbit corneal epithelial (CE) 1 cells. Benzalkonium chloride (BzCl), a cationic surfactant, and sodium dodecyl sulfate (SDS), an anionic surfactant, were chosen as model compounds for this study because rabbit eyes exposed to BzCl and SDS during the Draize test experience delayed recovery (Kennah et al., 1989) . Draize scores of initial toxicity and recovery are readily available for these surfactants and their toxic actions have been described by many researchers (Grant, 1986; Kennah et al., 1989; Bartnik, 1992) . These surfactants are widely used commercially in soaps, shampoos, cosmetics, and other consumer products and can be obtained in purified form without preservatives. Cationic and anionic surfactants are major classes of surfactants, of which cationic surfactants are generally more toxic than anionic surfactants (North-Root etal, 1982; Borenfreund and Borrero, 1984) . Both cationic and anionic surfactants are generally more toxic than nonionic or amphoteric surfactants (North-Root et al., 1982; Borenfreund and Borrero, 1984 ). An in vitro study comparing the prolonged adverse effects of cationic and anionic surfactants would provide useful information on their cellular effects.
Surfactants are rapidly and extensively incorporated into lipid cellular structures because they contain both long-chain lipophilic and charged moieties. They have structures similar to that of the native constituents of plasma membrane lipids that contain carbon chain lengths of between 12 and 25. The uptake and loss of BzCl and SDS from ocular tissues were investigated by Green et al. (1987) and were found to be different from those for other compounds applied to the eye. Most ophthalmic compounds were lost from ocular fluids and tissues within a relatively short time (8-12 hr), whereas both SDS and BzCl showed a very slow turnover once incorporated within the ocular tissues (up to 48-hr duration even after a single drop administration). Both surfactants were avidly retained by the cornea, in particular the epithelium, which acted as a reservoir for further diffusion of material to other sites. Green et al. (1987) hypothesized that once integrated into the membranes, their loss was related to the turnover rate of the membrane lipids. Both SDS and BzCl may have prolonged effects because they are retained for long periods in CE cells. But little is known about what cellular functions are altered by the prolonged retention of these compounds.
Surfactants also interact with cellular proteins; at low concentrations, surfactants bind to proteins in a specific, highaffinity manner. There is noncooperative binding, followed by cooperative binding and saturation at higher concentrations (Bartnik, 1992) . For specific, high-affinity binding, cationic and anionic surfactants interact with different proteins, depending on the basic to acidic amino acid residues in the primary sequence. The head group of cationic surfactants interacts with anionic residues on proteins such as glutamate and aspartate, whereas the head group of anionic surfactants reacts preferentially with cationic amino acid residues such as lysine, histidine, and arginine (Housaindokht etal, 1993) . As a result, proteins can be differentially affected by different types of surfactants. For example, Sanford and co-workers (1981) found that cationic surfactants inactivated lactate dehydrogenase (LDH) isoenzymes containing the B unit, whereas anionic surfactants rapidly inhibited LDH isoenzymes containing the A subunit.
In a previous in vitro study, the initial and delayed toxicity of these compounds to CE cell cultures was examined using four different measures of cell injury (Grant and Acosta, 1994a) . Two different cytotoxicity assays based on cellular membrane integrity [LDH leakage into the medium and propidium iodide (PI) staining of the nucleus of the cells] indicated that BzCl produced minimal damage during an initial treatment but showed increased membrane damage up to 2 hr after removal of the compound. Little damage was observed during the time interval of 2-24 hr postexposure. In contrast, SDS caused extensive damage during initial exposure, but produced minimal increases in LDH leakage or PI staining during the postexposure periods. Whereas this previous study characterized the initial and delayed toxicity of BzCl and SDS with cytotoxicity assays, mechanisms of prolonged, adverse effects were not readily determined with these methods. BzCl and SDS may affect cellular systems that play a major role in normal recovery processes.
Tissue repair in vivo occurs in a biphasic process when the CE layer is damaged. There is a latent phase lasting up to 5-6 hr in which migration of epithelial cells does not occur; migration of remaining epithelial cells then follows to cover the bare stroma (Crosson et al., 1986) . Cell proliferation is subsequently initiated, and the normal three to five layers of cells of the corneal epithelium is reestablished. These events occur in vivo (Crosson et al., 1986) and in vitro (Chan et al., 1989) .
The latent phase is not an inactive phase. Protein and glycoprotein synthesis is increased after an injury; inhibition of synthesis during this period prevents complete closure of epithelial defects (Gibbins, 1973; Gipson et al., 1984) . Plasminogen activator is released by CE cells and converts plasminogen into plasmin; plasmin disrupts temporary attachments of the epithelial cells to extracellular matrix and possibly contributes to the ability of CE cells to migrate (Vaheri et al., 1990) . During the latent phase, fibronectin is synthesized and deposited on the bare stroma, forming a basement membrane over which the cells migrate (Fujikawa et al., 1981; Nishida et al., 1990) . Inflammatory mediators are released and play an important role in healing as shown by the fact that inhibition of release inhibits reepithelialization (Gupta et al., 1993; Nakamura et al., 1994) . Epidermal growth factor is released from the lacrimal glands after injury (Wilson, 1991) and stimulates migration and proliferation (Nishida et al., 1990; Kitazawa et al, 1990) .
Adequate levels of ATP and homeostasis of [Ca 2+ ], and pH, are necessary in many of the events that occur during tissue repair, such as migration and proliferation, release of inflammatory mediators, release of and response to growth factors, protein synthesis, and DNA replication. This investigation evaluated changes in metabolic integrity, proliferative capacity, and homeostasis of [Ca 2+ ], and pH, after treatment with surfactants to understand mechanisms of prolonged adverse effects of these model compounds. ATP/ADP ratios were determined to assess metabolic integrity of the cells, and PI staining of nuclear DNA was used to assess cell number at specified periods after treatment with the surfactants. Digitized fluorescence imaging (DFI) was used to measure [Ca 2+ ], with fura-PE3 and pH, with 2',7'-bis(2-carboxyethyl)-5(6)-carboxyfluorescein (BCECF). These results were previously presented in part at Society of Toxicology meetings Acosta, 1994b, 1995) .
MATERIALS AND METHODS
Biochemicals and chemicals. Fetal bovine serum and Dulbecco's modified Eagle's medium (high glucose) were purchased from JRH Biosciences (Lenexa, KS). Hydrocortisone, progesterone, insulin, transferrin, putrescine. selenium, mgencin, and 3-(4,5-dimethylthiazol-2-yl)-2. ester and BCECF free acid were purchased from Teflabs (Austin. TX). Fura-PE3 AM ester and its potassium salt were a gift from Martin Poenie's lab (Department of Zoology. University of Texas at Austin), but were also purchased from Teflabs (Austin, TX). All other reagents were of the highest available purity from commercial sources.
Animals. New Zealand albino male rabbits, weighing 2-3 kg, were obtained from local sources and were housed in a constant-temperature room with a 12-hr light/dark cycle, with ad libitum access to Purina rabbit chow and tap water. All experiments were conducted in accordance with the Guiding Principles in the Use of Animals in Toxicology (1995) .
In vivo irritancy testing. The eye imtation test data for BzCl and SDS were obtained from The Dial Corporation, Consumer Products Group (North-Root el al., 1982) . The test protocol was based on a low-volume modification of the Draize rabbit eye test; 0.01 ml of test material was instilled into the conjunctiva! sac of one defect-free eye that had been screened by the technique of fluorescein and slit-lamp examination (Griffith et al., 1980) . The other eye served as a control. Three animals of each sex constituted a treatment group. Comeal, iris, and conjunctival responses were evaluated using the scale described by Draize et al. (1944) Because of the importance of the cornea to vision, 73% of the Draize score is based on comeal damage. A normal score was 0. increasing amounts of damage resulted in a higher score, with the maximum score possible being 110. A Draize score was computed at each observation time by averaging the total scores of all rabbits tested. Observations were made and recorded 24, 48, and 72 hr after treatment.
The surfactants were ranked into categories of irntancy potential according to the system suggested by Kay and Calandra (1962) using 24-hr Draize scores: 0-0.5, nonirritating; 0.5-2.5, practically nonirritating; 2. 5-15, minimally irritating; 15-25, mildly irritating; 25-50, moderately irritating; 50-80, severely irritating; 80-100, extremely irritating; 100-110 , maximally irritating.
Cell culture procedure. CE cells from rabbit were isolated by microdissection and enzymatic treatment and grown according to a method previously used by our laboratory (Grant el ai, 1992) . Cells were plated at a density of 50,000-60,000 cells/cm 2 in 12-well plates for ATP/ADP determinations or 48-well plates for growth studies. Primary cultures were used on Days 3 or 4 when they became confluent; the cells were not passaged. Cells were plated on 25-mm 2 coverslips at a density of 80,000 cells per coverslip for DF1 studies and were used on Day 3 or 4 when they were 80-90% confluent.
Treatment of cells.
A range of concentrations of BzCl and SDS that produced minimal to maximal levels of cytotoxicity in CE cultures were used to treat the cells (Grant and Acosta, 1994a) . The cells were treated with surfactants dissolved in serum-free medium for 1 hr. After I hr, the surfactant-containing medium was removed, the cells were nnsed once, and medium with fresh serum but without compounds was added to the cultures. The cells were returned to the incubator. At specified times after removal of the surfactants, referred to as postexposure periods, different parameters were measured. [Ca 2+ ]|, pH,, and morphology were evaluated I, 4, 24, and 48 hr postexposure; ATP/ADP measurements at 4, 24, and 48 hr postexposure; and cell growth at 1,3, 5, and 7 days postexposure.
For long-term studies of the effects of surfactants on cell growth, the medium was changed in all experimental groups on Day I postexposure, then every other day Frequent changes of medium were necessary during these longterm studies because BzCl-treated cells were metabolically more active than control cells or SDS-treated cells beginning on Day 4 postexposure, and because medium became acidic if it was not changed every other day.
Determination of ATP/ADP ratios by high-pressure liquid chromatography. ATP/ADP ratios were measured to evaluate metabolic integrity of treated cells. A method previously used in our laboratory was used to determine ATP/ADP ratios with high-pressure liquid chromatography (HPLC) (Welder et al.. 1989) . Chromatography was performed with Waters HPLC equipment. A variable-wavelength detector was set at 254 nm, with separation achieved in a Radial PAK C-I8 cartridge Cell growth determined with total propidium iodide (PI) staining. Relative cell number was determined by PI fluorescence staining of lysed cells as a measure of DNA content (Vollenweider and Groscurth, 1992) . PI is a relatively nonfluorescent compound that binds to DNA and produces an increase in fluorescence, which may be easily detected and quantitated in a fluorescence multiwell reader The increase in fluorescence is proportional to the amount of DNA present. As a result, PI gives a relative measure of cell number (Vollenweider and Groscurth, 1992; Wan et al.. 1994) .
The cells were nnsed twice with sterile phosphate-buffered saline to remove dead cells, and then 0.25 ml of a hypotonic solution that contained 1.12 g% sodium citrate, 180 /IM digitonin, and 50 //M PI was added. Digitonin was used to lyse the cells and allow PI to bind to cellular DNA; hypotonic sodium citrate decreased the interference from double-stranded RNA (Vollenweider and Groscurth, 1992) The cells were returned to the incubator for 30 min to ensure complete cell lysis and incorporation of PI into DNA. Total cellular PI fluorescence was determined with excitation at 530 ± 15 nm and emission measured at 645 ± 25 nm on a Cytofluor fluorescence multiwell reader (PerSeptive Biosystems). Background fluorescence was determined on wells without cells containing an identical solution of sodium citrate, digitonin, and PI; this fluorescence was subtracted from all measured values. PI relative fluorescence staining was compared with initial values measured on Day 1 postexposure to determine if there was an increase in cell number.
Digitized Fluorescence Imaging Studies

Instrumentation.
A Photon Technology International (PTI) Imagescan System with Imagescan software was used for DF] of cells It was equipped with a Hamamatsu SIT camera and Zeiss IM-35 epifluorescence microscope A PTI Deltascan system equipped with a photomultiplier tube was used for the in vitro calibration procedure. Details of this system have been previously published by our laboratory (Chacon et al., 1992) . For fura-PE3 measurements, an Olympus 40x oil objective was used with excitation set at 340 and 380 nm (8-nm slit width). A 400-nm dichroic long-pass filter and a 490-to 530-nm bandpass filter were used to select the emission signal. For BCECF measurements, a Zeiss 63X oil objective was used with excitation set at 490 nm (3-to 4-nm slit width) and 440 nm (6-nm slit width) A 510-nm dichroic long-pass filter and a 520-nm long pass emission filter were used to select the proper emission.
Measurement of [Ca 1+ l with Fura-PE3. Fura-PE3 AM is hpophilic and easily crosses the cell membrane, where nonspecific intracellular esterases cleave the AM ester bonds, trapping the charged, calcium-sensitive fura-PE3 free acid in the cell. Fura-PE3, being a zwittenonic compound with both positive and negative charges, is retained in the cell for up to 4 hr postloading (Vorndran et al, 1995) . Fura-PE3, therefore, could be preloaded in the cells before surfactant treatment, and enough of the fluorescent signal was retained in the cells 1 and 3 hr after removal of surfactants to determine [Ca 2+ l,. The measurement of [Ca 2+ ], 4 hr postexposure could not be done with fura-PE3 because of loss of dye from the cells (data not shown).
[Ca 2+ ]i measurements at 24 and 48 hr could not be performed accurately because the cells would have to be loaded with the fluorescent probe after being treated with surfactants. Preliminary data with fura-2 AM ester showed that BzCl treatment affected the hydrolysis of the AM ester and produced an incompletely hydrolyzed form of fura-2 that was not sensitive to [Ca 2+ l, changes (Grant and Acosta, 1995) .
Stock solutions of fura-PE3 AM were made in dimethyl sulfoxide and applied to the cells, with the final concentration of dimethyl sulfoxide at 0.3%. CE cells were loaded with 2.5 HM fura-PE3 AM ester in 5% fetal calf serum-DMEM for 1 hr at 37°C, and immediately treated with the surfactants for an hour. After treatment of the cells with the surfactants, the cells were washed three times with Krebs-Ringer-Hepes buffer (KRHB; 125 mM NaCl, 5 mM KCL, 1.2 HIM K 2 HPO 4 , 12 DIM MgSO 4 • 7H 2 O, 6 mM glucose, 5 mM NaHCO 3 , 25 mM Hepes, 1 mM CaCl 2 ), placed in a chamber with KRHB, and analyzed by DF1 at room temperature.
Calibration of cytosolic calcium concentration.
Fura-PE3 exhibited a calcium-dependent shift in peak excitation fluorescence between the calcium-free complex and the calcium-saturated complex when emission was detected at 505 nm (Vorndran et al.. 1995) . Fluorescence was measured with excitation at 340 and 380 nm, and the background-corrected ratio of 340/380 was used to calculate [Ca 2+ ], with an in vitro calibration technique suggested by Poenie (1991) and previously used in our laboratory (Grant and Acosta, 1994c) . R^, R^. and B values for fura-PE3 were 13, 0.32, and 13.1, respectively (average of three separate determinations). A K d of 204 nm (Vomdran et al., 1994) and a viscosity correction factor of 0 85 were used for fura-PE3 calculations (Poenie, 1991) .
Measurement of pH, with BCECF.
Stock solutions of BCECF AM ester were made in dimethyl sulfoxide and applied to the cells, with the final concentration of dimethyl sulfoxide at 0.3% BCECF AM ester is lipophilic and easily crosses the cell membrane, where nonspecific mtracellular esterases cleave the AM ester bonds, trapping the H + -sensiti ve, charged BCECF free acid in the cell. BCECF free acid is well retained in the cell, but will leak out of the cell after 1 hr (data not shown). Because of the short period BCECF was retained in the cells, they were first treated with the surfactants and, after the designated postexposure periods, were loaded with 1 /XM BCECF AM ester in 5% fetal calf serum-DMEM for 30 min at 37°C. After loading, the cells were washed three times with KRHB, placed in a chamber with KRHB, and analyzed by DFI at room temperature
Calibration of cytosolic hydrogen ion concentration.
An in situ calibration procedure using nigericin, a H + /K + exchanger, was used to convert the 490/440 background-corrected excitation ratio into pH values by a method previously used in our laboratory (Grant and Acosta, 1996) .
Effects of surfactants on the hydrolysis of BCECF AM.
It was necessary to verify that treatment of cultures with surfactants did not affect the hydrolysis of BCECF AM ester, because incompletely hydrolyzed BCECF AM ester is not sensitive to H + changes. BCECF AM ester is easily hydrolyzed by cells, however, and problems with hydrolysis usually do not occur (Akwasi Minta, Teflabs, personal communication) Cultures were treated with surfactants or DMEM and the surfactants were removed. At 1, 4, 24, and 48 hr postexposure, control and treated cells were loaded with 1 fiM BCECF AM for 30 min at 37°C. The cultures were nnsed twice with pH 6.8 or 7.8 KCI calibration buffer; the cells were then lysed with 1.25 ml of pH 6.8 or 7.8 buffer containing 0.2% Triton X-100. This procedure would release both hydrolyzed and incompletely hydrolyzed BCECF trapped within the cell. Other groups of cells that were not loaded with BCECF were similarly treated and were used to determine background fluorescence. The cell extracts were placed in I-cm cuvettes and the fluorescence with excitation at 490 and 440 nm and emission at 530 nm was determined with a Spex spectrofluorometer The background-corrected 490/ 440 excitation ratios of treated cells, control cells, and BCECF free acid standards (20-60 nM final concentration) were compared to verify that the BCECF trapped within the cells was completely hydrolyzed.
Control groups. Two control groups were included in each experiment: cells plated at normal density (80,000 cells/coverslip) and at half-density (40,000 cells/coverslip) The low-density control group was included to investigate the effects of low cell density on |Ca 2+ ], and pH, because treated cultures had a lower density at the end of the exposure periods compared with control cells.
Standardization of cell injury. DFI is a powerful tool for observing the dynamic intracellular events of single living cells. Measurements are time consuming, however, it was not possible to conduct a detailed dose-response of changes of |Ca 2+ ], or pH, for each surfactant, to include the different control groups, and to complete the measurements within the specified periods. A concentration of surfactant was chosen that produced a 40-60% cell death as predicted by the M II mitochondria! reduction assay. In a previous investigation, the MTT mitochondria] reduction assay was found to be simple, sensitive, and predictive of the toxicity of both surfactants (Grant and Acosta, 1994a) . The Mil assay was conducted according to Mosmann's (1983) procedure. This assay was used to standardize the amount of damage the cells sustained Note Comeal, iris, and conjunctival responses were evaluated using the scale described by Draize et al. (1944) . Because of the importance of the cornea to vision, 73% of the Draize score is based on corneal damage A normal score was 0; increasing amounts of damage resulted in a higher score, with the maximum score possible being 110 (means ± SE, n = 6).
The surfactants were ranked into categories of lmtancy potential according to the system suggested by Kay and Calandra (1962) using 24-hr Draize scores: 0-0.5, nonirritating; 0.5-2.5, practically nonirritating; 2. 5-15, minimally irritating; 15-25, mildly irritating; 25-50, moderately irritating; 50-80, severely irritating; 80-100, extremely irritating; 100-110, maximally irritating after treatment with the surfactants before DFI measurements were conducted because it was found that cultures can differ in their response to degrees of injury produced by surfactants. CE cells used for DFI studies were treated with a concentration of surfactant that injured the cultures in a defined manner but left enough surviving cells in which to investigate changes in [Ca 2+ ], and pH,. For SDS, this occurred at 40-55 jig/ml or 140-190 fiM. For BzCl, this occurred at 6-8 /ig/ml. The chemical structure of BzCl is CH,CH 2 N(CH 3 ) 2 RC1. The R group can vary from C 8 H, 7 to C| g H 37 , but 60-70% of BzCl obtained from Aldrich Chemical Company has an R group of C12H25; the molar concentration of BzCl used in this study would be approximately 18-24 fj.M.
Statistics.
A randomized block, two-way analysis of variance (AN-OVA) was used to assess statistical differences between control and treated cultures for ATP/ADP ratios. Missing values (4 of 45 observations for both BzCl and SDS determinations) were estimated according to a procedure recommended by Yates (1933) and Kirk (1968) , with the degrees of freedom reduced to account for missing values Dunnett's test for statistical differences was used to assess statistical differences between control and treatment groups at a significance level of p « 0 05. DFI experiments were conducted on two or three separate cultures, with two coverslips analyzed for each treatment per culture Three images were randomly captured within each coverslip, and the cells present in the captured images were analyzed. Average values per coverslip were used for statistical purposes. An ANOVA test was used to analyze the data. A twoway randomized block design and Dunnett's test were used to analyze for significant differences from control cultures at each time point (P ^ 0.05). Reported values are means ± SE.
RESULTS
In Vivo Toxicity of Model Compounds
The low-volume Draize rabbit eye test scores are shown in Table 1 . A normal score was 0; increasing amounts of damage resulted in a higher score, with the maximum score possible being 110. Rabbit eyes treated with both BzCl and SDS experience initial injury and prolonged damage. BzCl was more toxic than SDS and produced a slower rate of recovery when compared with SDS at 72 hr. Eyes treated with 30 and 19% SDS produced initial 24-hr Draize scores of 30 ± 2 and 23 ± 1, respectively; both scores decreased to 49% of original values after 72 hr. Eyes treated with 6 or 1.9% BzCl produced an initial 24-hr Draize score of 43 ± 3 or 20 ± 3, respectively; scores only decreased to 89 or 75%, respectively, of original values after 72 hr. Figures 1A and B show ATP/ADP ratios of CE cells after treatment with BzCl and SDS, respectively. There were no significant differences between surfactant-treated cells and control cells 4 hr postexposure for either surfactant, except for the highest concentration of BzCl, 12 /xg/ml. Twentyfour hours postexposure, BzCl produced a concentrationdependent decrease in ATP/ADP ratios (Fig. 1A) , whereas SDS treatment decreased ratios only at the highest concentration of 55 ^g/ml (Fig. IB) . Forty-eight hours postexposure, BzCl treatment decreased ratios only at 12 u.g/m\ when compared with control cells, whereas SDS-treated cells were not significantly different from control cells. Figure 2A shows the postexposure changes in PI fluorescence I, 3, 5, and 7 days after removal of BzCl. On Day I, CE cells that had been exposed to 10 ^g/ml BzCl exhibited decreased PI fluorescence: 68% of day I control fluorescence. BzCl at 8 /^g/ml had minor effects on CE cells, decreasing PI fluorescence to 97% of control fluorescence. The rate of cell growth after treatment with each concentration of BzCl was slightly higher than that of control cultures. Figure 2B shows the postexposure changes in PI fluorescence I, 3, 5, and 7 days after removal of SDS. On Day I, CE cells that had been exposed to 50 //g/ml SDS exhibited decreased PI fluorescence: 57% of day I control fluorescence. SDS at 45 [J,g/m\ had minor effects on CE cells, decreasing PI fluorescence to 92% of control fluorescence. After treatment with each concentration of SDS, the growth rate of CE cells was slow, similar to that of confluent control cells, and less than that of BzCl-treated cultures.
Changes in ATP/ADP Ratios after Treatment with the Surfactants
Effects on Cell Growth after Removal of BzCl and SDS
Morphological Changes in CE Cells Grown on 25-mm Coverslips after Surfactant Treatment
Photomicrographs of control CE cells I, 4, 24, and 48 hr after a I -hr exposure to DMEM are shown in Figs. 3A , B, C, and D, respectively. Control cells increased in cell density over the specified observation periods.
Photomicrographs of CE cells I, 4, 24, and 48 hr after exposure to 8 /zg/ml BzCl for 1 hr are shown in Figs. 4A , B, C, and D, respectively. This concentration of BzCl produced a 50% decrease in MTT reduction when compared with control cultures. BzCl-treated cells showed cell rounding and vacuoles 1 hr after removal of the surfactants (Fig. 4A) , indicating that the cells had been affected by the initial exposure to BzCl. Four hours postexposure, the cells were large and contained vacuoles (Fig. 4B) . The density of the cells was decreased when compared with control cells. CE cells 24-48 hr postexposure were larger, possessed increased numbers of vacuoles, and lacked cell extensions normally present in subconfluent CE cultures (Figs. 4C. D) .
Photomicrographs of CE cells 1, 4, 24, and 48 hr after a 1-hr exposure to 50 fig/m\ SDS are shown in Figs. 5A , B, C, and D, respectively. This concentration of SDS produced a 60% decrease in MTT reduction when compared with control cultures. SDS-treated cells 1 hr after removal of surfactant showed extensive cell rounding (Fig. 5A) . Four hours postexposure, the cells appeared to regain their nonnal cell shape (Fig. 5B) . The density of the cells was decreased when compared with control cells. Figures 5C and D show CE cells 24-48 hr postexposure. CE cells showed numerous lamellipodia and cell extensions which were nonnal in subconfluent CE cultures (Grant et ai, 1992) .
Changes in [Ca 2+ ], Produced by the Surfactants
Changes in [Ca 2+ ], measured with fura-PE3 1 -3 hr after removal of surfactants are shown in Fig. 6 . SDS treatment produced a significant decrease in [Ca 2+ ], when compared with control cells 1-3 hr after removal of SDS, whereas BzCl-treated cells produced a significant increase in [Ca 2+ ],. Control cells had [Ca 2+ ], of 133 ± 16 nM vs 223 ± 9 nM for BzCl and 82 ± 5 nM for SDS 1 hr postexposure (means ± SE). Three hours postexposure, control [Ca 2+ ], was 133 ± 19 nM vs 187 ± 19 nM for BzCl-and 114 ± 7 nM for SDS-treated cells measured with fura-PE3 (means ± SE). DFI experiments were conducted on two separate cultures, with two coverslips analyzed for each treatment per culture. Three images were randomly captured within each coverslip and the cells present in the captured images were analyzed. Average values per coverslip were used for statistical purposes. Typically, 75-132 cells per treatment were analyzed. Figure 6 shows the average [Ca 2+ ], values from a cell population after the postexposure periods. Not all cells were affected equally by the surfactants, however. Figures B show scatter/plots (Poenie et ai, 1987) of control cells and BzCl-treated cells, respectively, from one representative culture loaded with fura-PE3 to measure [Ca 2+ ],. The scatterplot reveals that a subpopulation of CE cells was greatly affected by BzCI, however. The technology of DFI allowed this individual variation to be investigated. Thirty-eight percent of cells had elevated [Ca 2+ ], 1 hr postexposure and 21% 3 hr postexposure (n = 110-132 cells). Elevated [Ca 2+ ], was denned as two standard deviations above control [Ca 2+ ], values (calculated within each individual culture at each postexposure period).
[Ca 2 *], Variation in Individual Cells after Treatment with Surfactants
Changes in pH, after Treatment with the Surfactants
Changes in pH, measured with BCECF at specified periods after a 1-hr exposure to SDS and BzCI are shown in Fig. 8 . Intracellular pH was transiently increased 1 hr after removal of SDS when compared with control values (7.30 ± 0.05 for control vs 7.41 ± 0.06, p *£ 0.05) but was not significantly different from control values 4-24 hr postexposure. The pH, of SDS-treated cells was decreased at 48 hr when compared with control values (7.46 ± 0.04 for control vs 7.31 ± 0.01, p =e 0.01) (means ± SE).
In comparison, BzCI produced a sustained, significant decrease in pH, 1 hr after removal of surfactant (7.30 ± 0.05 for control vs 7.17 ± 0.04, p =s 0.01) and 4 hr postexposure (7.35 ± 0.07 for control vs 7.25 ± 0.08, p s= 0.05) when compared with control cultures. BzCl-treated cells were not significantly different from control cells 24-48 postexposure (means ± SE). DFI experiments were conducted on three separate cultures, with two coverslips analyzed for each treatment per culture. Three images were randomly captured within each coverslip, and the cells present in the captured images were analyzed. Average values per coverslip were used for statistical purposes. Typically, 77-112 cells per treatment were analyzed.
Effect of Surfactants on the Hydrolysis of BCECF AM Ester
BCECF AM ester is easily hydrolyzed within cells even after surfactant treatment. Figure 9 shows the 490/440 ratios of cell extracts from control cells, BzCl-treated cells and SDS-treated cells in pH 6.8 or 7.8 buffers. All groups produced a significant change in the 490/440 ratio from approximately 5 in pH 6.8 buffer to 8 in pH 7.8 buffer, indicating there were no problems with the complete hydrolysis of BCECF AM ester. There was a significant difference in BCECF AM ester is affected at this 1 -hr period after removal of the surfactant. The effect of incomplete hydrolysis of BCECF AM ester on measurement of pH| would be overestimation of the actual pH in BzCl-treated cells because the fluorescent probe would be less sensitive to H + (Martin Poenie, Department of Zoology, University of Texas at Austin, personal communication). Therefore, the actual pH| of BzCltreated cells 1 hr after removal of the surfactant may be slightly lower than the calculated pH,. Results from these experiments do not allow us to determine the degree that the pH, is overestimated.
Changes in pH, and [Ca 2+ ], in Control Cells Plated at Normal Density and Half-Density
There were no significant differences in [Ca 2+ ], or pH, of control cells plated at 40,000 or 80,000 cells per coverslip 4, 24, or 48 hr after a 1-hr treatment with normal medium (data not shown).
DISCUSSION
Correlations between in Vivo and in Vitro Findings
When rabbit eyes are exposed to surfactants at concentrations that produce approximately equal amounts of injury. both BzCI-and SDS-treated eyes show slow reversibility from injury, although SDS-treated eyes recover at a faster rate. The in vivo Draize eye test and our in vitro findings indicate that BzCI produced greater effects at lower concentrations than SDS. BzCI produced sustained increases in [Ca 2+ ],, which may suggest they are more toxic for the cells than the effects produced by SDS. Orrenius and co-workers (1989) have shown that disregulation of [Ca 2+ ], is involved in many toxic responses. BzCI also produced decreases in pH[, alterations in cellular morphology, and decreases in ATP/ADP ratios. The proliferative response of CE cells after treatment with BzCI, however, was not affected. SDS produced changes in pH|, a decrease in [Ca 2+ ],, and a decrease in proliferative response; there were minor effects on metabolic integrity and morphology. Overall, the results suggest that BzCI and SDS may have different actions on the cell repair process after initial injury is induced in the cultures.
Effects of BzCI and SDS on ATP/ADP Ratios
BzCI affected metabolic integrity more than SDS as shown by a larger dose-dependent decrease in ATP/ADP ratios induced by BzCI 24 hr postexposure. During the tissue recovery process in vivo, cells migrate to cover the bare stroma. ATP is needed during migration for actin polymerization and contraction of filaments (Bray, 1992) . Kuwabara et al. (1976) studied characteristics of rabbit CE cells in vivo with the light and electron microscope as they spread to cover a scrape wound. They found that glycogen stores in migrating cells were reduced and inhibition of glycolysis decreased migration. In another study, rabbit corneas that were wounded and covered by thick contact lenses with a low oxygen diffusion showed decreases in cell migration (Friedlander and Zimny, 1989) . These studies indicate that adequate stores of ATP are needed for cell migration to occur. The decrease in energy reserves produced by BzCl may be expected to decrease the capability of cells to participate in cell migration.
SDS had minimal effects on ATP/ADP ratios at most concentrations and postexposure periods. Thus, CE cells treated with SDS may be metabolically competent during the tissue repair period. The concentrations of SDS that were used in this study produced similar amounts of cell damage when compared with BzCl-treated cells as evaluated by detailed morphological and cytotoxicity studies (Grant and Acosta, 1994a) .
BzCl may have affected ATP/ADP levels in many ways. For instance, BzCl produced a sustained decrease in pH, up to 4 hr after removal that may have inhibited the rate-limiting enzyme of glycolysis, phosphofructokinase (Busa and Nuccitelli, 1984) , as well as other important metabolic enzymes. Inhibition of metabolic enzymes may have resulted in decreased energy production, while stores would be depleted if the ATP was used for repair.
Cell Growth
Cells treated with concentrations of BzCl that initially decreased cell density responded with an increased growth rate during the postexposure periods when compared with control cultures. Density limitation was removed when BzCl treatment decreased cell density. These cells were exposed to frequent medium changes containing 5% fetal calf serum, which contains several growth factors (Busa and Nuccitelli, 1984) . CE cells treated with SDS, however, slowly increased in cell number over time, although the density of SDS-treated cells was much less than that of control cells. The growth rate of SDS-treated cells was similar to that of confluent control cells. There was no stimulation of growth due to the removal of density limitation or frequent changes of complete medium. This shows a longer-lasting adverse effect than seen with BzCl.
Effects of BzCl and SDS on [Ca 2+ ], and pH,
BzCl induced sustained elevations in [Ca 2+ ], (1-3 hr) and decreases in pH, (1 -4 hr) after the surfactant was removed. These changes in [Ca 2+ ], and pH; may have occurred because BzCl interacts with the plasma membrane and/or proteins located in the membrane (Bartnik, 1992) (Grant and Acosta, 1994c) . Interestingly, the initial changes in [Ca 2+ ], and pH| produced by SDS, an anionic surfactant, were exactly opposite that produced by the cationic surfactant, BzCl. SDS, an anionic surfactant, may bind Ca 2+ and H + ions and lower intracellular levels of these ions.
There were no significant differences in [Ca 2+ ], and pH, of control cells plated at 40,000 or 80,000 cells per coverslip. Thus, changes in [Ca 2+ ], and pH, in treated cells were not due to decreased cell density.
Morphological Changes Induced by the Surfactants
CE cells treated with BzCl possessed an atypical morphology because they were large cells with few cell extensions. Effects on the cytoskeleton may have induced this atypical morphology. Calcium plays a role in the interactions among cytoskeletal proteins, both directly and via a number of Ca 2+ -binding proteins and Ca 2+ -dependent enzymes (Orrenius et al., 1989; Mittal and Bereiter-Hahn, 1985) . The increase in [Ca 2+ ],, as well as decreases in ATP levels, that was produced after BzCl-treatment may have led to the observed morphological changes. SDS-treated cells possessed morphological characteristics normally found in subconfluent CE cultures. This observation may indicate that cytoskeletal elements of CE cells were not affected by SDS treatment as was the case for BzCl. Future experiments will address the specific effects of these surfactants on cytoskeletal proteins.
CONCLUSIONS
The results of these studies suggest that BzCl and SDS have distinct effects on CE cells after initial injury is induced in the cultures. BzCl produced a concentration-dependent decrease in ATP/ADP ratios 24 hr after removal, whereas SDS had minimal effects on metabolic integrity: however, CE cells treated with SDS possessed slow growth rates similar to confluent control cells, whereas BzCl-treated cells had a growth rate greater than that of control or SDS-treated cells. BzCl, a cationic surfactant, caused an increase in [Ca 2+ ], up to 3 hr after its removal from CE cultures and a sustained decrease in pH| up to 4 hr postexposure. The prolonged actions of BzCl on these important regulatory ions may have induced the atypical morphological changes that were observed 4-48 hr postexposure. SDS, an anionic surfactant, caused a decrease in [Ca 2+ ], 1 -3 hr after its removal from CE cultures; a transient increase in pHj 1 hr postexposure and a decrease in pH, 48 hr postexposure also occurred.
